Abstract. MicroRNAs (miRs) have important roles in the parthenogenesis of malignancies. While it has been suggested that deregulation of miR-101 is involved in bladder cancer, the underlying mechanisms have remained largely elusive. The present study aimed to investigate the roles of miR-101 in the regulation of bladder cancer cell proliferation and invasion. Reverse-transcription quantitative polymerase chain reaction analysis revealed that the expression of miR-101 was significantly reduced in the HT-1376, BIU87, T24 and 5637 several human bladder cancer cell lines compared to that in the SV-HUC-1 normal bladder epithelial cell line. Furthermore, a Targetscan search and a luciferase assay were used to identify c-FOS as a novel target of miR-101, and western blot analysis indicated that the protein expression of c-FOS was shown to be negatively regulated by miR-101 in bladder cancer T24 cells; however, c-FOS mRNA expression was not affected. In addition, plasmid-mediated overexpression of miR-101 and small hairpin RNA-mediated inhibition of c-FOS significantly inhibited the proliferation and invasive capacity of T24 cells, as indicated by an MTT and a Transwell assay, respectively. However, plasmid-mediated overexpression of c-FOS reversed the inhibitory effects of miR-101 overexpression on T24-cell proliferation and invasion. In conclusion, the present study demonstrated that miR-101 inhibits the proliferation and invasion of bladder cancer cells, at least partly via targeting c-FOS, suggesting that miR-101/c-FOS signaling may represent a potential therapeutic target for bladder cancer.
Introduction
Bladder cancer is a common malignant tumor type throughout the world and has an increasing incidence rate. Although localized bladder cancers are treatable by surgical resection, the recurrence and progression rates remain high (1) . Despite combination of surgical resection, radiotherapy and chemotherapy, the clinical outcome of bladder cancer has remained unsatisfactory. As effective therapies and cures for bladder cancer are currently not available, the underlying molecular mechanisms of bladder tumorigenesis urgently requires to be elucidated as a basis for the development of novel treatment strategies (2) .
MicroRNAs (miRs) are a class of non-coding RNAs of 18-25 nucleotides in length, which can directly bind to the 3'-untranslational region (3'UTR) of their target mRNAs, leading to mRNA degradation or inhibition of protein translation (3) . Through negatively mediating the protein expression of their targets, miRs regulate a large variety of biological processes, including cell proliferation, apoptosis, cell cycle progression, differentiation, motility and tumorigenesis (4) . Genome-wide miR expression signatures have been used to identify deregulated miRs in bladder cancer; while miRs downregulated in bladder cancer, including miR-145, miR-143 and miR125b, are known to be tumour suppressors, upregulated miRs, including miR-183, miR-96, miR17-5p and miR-20a, have oncogenic functions (5) .
Aberrant expression of miR-101 has been implicated in various human malignances, including bladder cancer. Friedman et al (6) reported that miR-101 was downregulated in bladder transitional cell carcinoma (TCC), and re-expression of miR-101 inhibited the proliferation and colony formation in TCC cell lines via directly targeting enhancer of zeste homolog 2 (EZH2). Zhang et al (7) found that reduced miR-101 expression in bladder transitional cell carcinoma (BTCC) is associated with poor prognosis. Several targets of miR-101 have been identified in bladder cancer, including c-Met, cyclooxygenase (COX)-2 and vascular endothelial growth factor (VEGF)-C (8-10). However, the underlying mechanisms of the regulatory effects of miR-101 on bladder cancer cell proliferation and invasion have remained largely elusive.
The present study aimed to reveal the molecular mechanisms by which miR-101 and c-FOS mediate the proliferation and invasion of bladder cancer cells. Bioinformatics analysis. Targets of miR-101 in the human genome were predicted using the TargetScan tool (http://www.targetscan.org/). c-FOS was revealed to be a potential target of miR-101, and subsequent in vitro experiments were performed to confirm direct regulation.
MicroRNA-101 inhibits the proliferation and invasion of bladder cancer cells via targeting c-FOS
Transfection. Lipofectamine 2000 (Invitrogen) was used to perform cell transfection according to the manufacturer's instructions. For gain-or loss-of-function analyses of miR-101 and c-FOS, T24 cells were transfected with scrambled miRNA as a negative control (NC), miR-101 mimics, miR-101 inhibitor (all purchased from Invitrogen), c-FOS small interfering (si) RNA or c-FOS overexpression plasmid (all purchased from Nlunbio, Changsha, China). In the control group, T24 cells were transfected with Luc-c-FOS or Luc-mutant c-FOS vectors. Briefly, T24 cells were cultured to 70% confluence and resuspended in serum-free medium. Scrambled miRNA, miR 101 mimics, miR 101 inhibitor, c-FOS siRNA and c-FOS overexpression plasmid, and Lipofectamine 2000 were diluted in serum-free medium. The diluted Lipofectamine 2000 was added to the diluted miRNA, siRNA or plasmid, incubated for 20 min at room temperature, and then added into the cell suspension. After incubation at 37˚C (5% CO 2 ) for 6 h, the medium was replaced by the normal serum-containing medium.
Dual luciferase reporter assay. The predicted miR-101 target sequence within the c-FOS 3'-UTR and a mutant which was not complementarity to the miR-101 seed sequence were cloned downstream of the luciferase gene (Luc) driven by the cytomegalovirus (CMV) promoter to generate the Luc-c-FOS and the Luc-mutant C-FOS vector, respectively. T24 cells were co-transfected with Luc-c-FOS or Luc-mutant C-FOS vector and miR-101 mimics or scrambled miR mimics (NC) by using Lipofectamine 2000 according to the manufacturer's instructions. After transfection for 48 h, luciferase activity was determined using an LD400 luminometer (Beckman Coulter, Brea, CA, USA).
Cell proliferation assay. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to measure cell proliferation in each group. At 48 h post-transfection, the transfection medium was replaced with 100 µl fresh serum-free DMEM containing 0.5 g/l MTT (Beyotime Institute of Biotechnology). After incubation at 37˚C for 4 h, the MTT medium was removed by aspiration, and 50 µl dimethylsulfoxide was added to each well. Following incubation at 37˚C for 10 min, the optical density at 570 nm was measured using the Bio-Tek™ ELX-800™ absorbance microplate reader (Biotek, Winooski, VT, USA).
Cell invasion assay. A cell invasion assay was performed by using Transwell chambers (BD Biosciences, Franklin Lakes, NJ, USA). The Transwell membranes (8 µM) were pre-coated with Matrigel (BD Biosciences). A total of 300 µl of a suspension of 5x10 5 cells/ml in serum-free media was added to each of the upper chambers, while 500 µl of DMEM with 10% FBS was added to each lower chamber. Following incubation for 24 or 48 h, cells on the upper surface, which had not invaded through the membrane, were removed using a cotton-tipped swab. Cells attached to the lower side of the membrane were fixed in 90% ethanol and stained with crystal violet (Beyotime Institute of Biotechnology). The number of invaded cells determined in five fields randomly selected under an inverted microscope (CX31; Olympus Corporation, Tokyo, Japan).
Statistical analysis.
Values are expressed as the mean ± standard deviation. Statistical analysis was performed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). Differences between two groups were determined using Student's t-test. P<0.05 was considered to indicate a significant difference.
Results

miR-101 is downregulated in bladder cancer cell lines.
To reveal the role of miR-101 in bladder cancer in vitro, the present study performed RT-qPCR analysis to examine the expression levels of miR-101 in the HT-1376, BIU87, T24 and 5637 bladder cancer cell lines. The SV-HUC-1 normal bladder epithelial cell line was used as a control. The expression levels of miR-101 were significantly reduced in bladder cancer cell lines compared with those in SV-HUC-1 normal bladder epithelial cells (Fig. 1) . Furthermore, T24 cells showed the most significant downregulation of miR-101 expression among all bladder cancer cell lines (Fig. 1) , and were thus used in all subsequent experiments. The results suggested that downregulation of miR-101 may participate in the development and progression of bladder cancer.
c-FOS is a target gene of miR-101 in bladder cancer cells.
The present study aimed to identify targets of miR-101 in bladder cancer. Bioinformatics analysis suggested that the 3'UTR of c-FOS mRNA contains a binding region for miR-101 and is therefore a potential target (Fig. 2A) . To further verify whether miR-101 can directly bind to its potential seed sequence in the 3'-UTR of c-FOS mRNA of T24 cells, a wild-type fragment containing this sequence and mutant thereof ( (Fig. 2C) . These results confirmed that c-FOS is a direct target of miR-101 in T24 cells.
miR-101 inhibits the protein expression of c-FOS in bladder cancer cells.
As miRs generally suppress the expression of their targets at the post-transcriptional level, the present study further investigated whether miR-101 negatively regulated the expression of c-FOS in T24 bladder cancer cells. After T24 cells were transfected with miR-101 mimics or miR-101 inhibitor, respectively, RT-qPCR analysis was performed to examine the miR-101 levels in each group. As shown in Fig. 3A , transfection with miR-101 mimics led to a significant increase in miR-101 levels, while transfection with miR-101 inhibitor significantly suppressed the miR-101 levels compared to those in the control group. Subsequently, the mRNA and protein levels of c-FOS were determined in each group. As shown in Fig. 3B and C, miR-101 overexpression significantly inhibited the protein expression, but not the mRNA expression, of c-FOS, while knockdown of miR-101 significantly enhanced the protein, but not the mRNA expression, of c-FOS in T24 cells. Therefore, it was demonstrated that miR-101 inhibits the expression of c-FOS at the post-transcriptional level in bladder cancer cells.
miR-101 inhibits bladder cancer cell proliferation through targeting c-FOS.
The present study further investigated the roles of miR-101 and c-FOS in the regulation of bladder cancer cell proliferation. T24 human bladder cancer cells were transfected with miR-101 mimics or c-FOS siRNA, or co-transfected with miR-101 mimics and c-FOS overexpression plasmid, respectively. The mRNA and protein levels of c-FOS in each transfection group were determined. As shown in Fig. 4A , transfection with c-FOS siRNA significantly decreased the mRNA and protein levels of c-FOS in comparison with the control group, and transfection with miR-101 mimics reduced the protein expression of c-FOS. However, co-transfection with miR 101 mimics and c-FOS plasmid increased the protein expression levels of c-FOS in comparison with the group transfected with miR 101 mimics and the control group (Fig. 4B) . Furthermore, and MTT assay revealed that miR-101 overexpression as well as c-FOS knockdown significantly inhibited T24-cell proliferation (Fig. 4C) . However, the suppressive effect of miR-101 overexpression on T24 cell proliferation was reversed by c-FOS upregulation (Fig. 4C) , suggesting that miR-101 inhibits bladder cancer cell proliferation, at least in part, via targeting c-FOS.
miR-101 suppresses bladder cancer cell invasion through targeting c-FOS.
The effects of miR-101 and c-FOS on the invasive capacity of bladder cancer cells was assessed using a Transwell assay. In accordance with the results of the cell proliferation assay, miR-101 overexpression and c-FOS knockdown significantly inhibited T24-cell invasion (Fig. 5) . However, the suppressive effect of miR-101 overexpression on T24 cell invasion was reversed by c-FOS overexpression (Fig. 5) . These findings suggested that miR-101 inhibits bladder cancer cell invasion, at least in part, via direct inhibition of c-FOS expression. Discussion miRs have been demonstrated to have crucial roles in bladder cancer. The present study showed that the expression of miR-101 in the HT-1376, BIU87, T24 and 5637 human bladder cancer cell lines was significantly reduced compared to that in SV-HUC-1 normal bladder epithelial cells. Furthermore, c-FOS was newly identified as a target of miR-101, and the protein expression of c-FOS was demonstrated to be negatively regulated by miR-101 in T24 cells. In addition, overexpression of miR-101 and inhibition of c-FOS significantly inhibited the proliferation and invasion in T24 cells, while upregulation of c-FOS reversed the inhibitory effects of miR-101 overexpression on T24-cell proliferation and invasion. Therefore, it is suggested that the inhibitory effects of miR-101 on bladder cancer cell proliferation and invasion are, at least in part, mediated through targeting of c-FOS.
Dysfunction of miR-101 has been reported to be associated with tumorigenesis. miR-101 has been shown to act as a tumor suppressor in several human cancer types, including non-small cell lung cancer (12), cholangiocarcinoma (13), breast cancer (14) and gastric cancer (15) . For instance, Zhang et al (16) found that the downregulation of miR-101 in hepatocellular carcinoma tissues is correlated with tumor aggressiveness and poor prognosis, while overexpression of miR-101 significantly inhibited the proliferation and tumorigenicity in HCC cells by targeting SRY-box 9. Furthermore, miR-101 was also shown to inhibit the metastasis of osteosarcoma cells by targeting EZH2 (17) . Recently, miR-101 was suggested to be implicated in bladder cancer (7,10). Zhang et al (7) examined the expression of miR-101 in bladder transitional cell carcinoma (BTCC) (n=72) and normal tissues (n=16), and found that miR-101 was downregulated in BTCC tissues compared to normal tissues, and miR-101 expression was significantly associated with the tumor diameter, stage and grade as well as the involvement of lymph nodes and metastasis thereof. In addition, decreased miR-101 expression was significantly correlated with poor prognosis. In line with these results, the present study showed that miR-101 was markedly downregulated in bladder cancer cell lines compared to normal bladder epithelial cells.
Furthermore, several targets of miR-101 have been identified, which are tightly associated with bladder cancer. EZH2 is the catalytic subunit of polycomb repressive complex 2 and acts as an oncogene in several types of cancer (18) (19) (20) (21) . Friedman et al (6) showed that miR-101 inhibited BTCC cell proliferation and colony formation via targeting EZH2. Kottakis et al (22) further reported that the miR-101-EZH2 pathway was involved in fibroblast growth factor-2-mediated proliferation, migration and angiogenesis in bladder cancer. In addition, methyl jasmonate was found to sensitize bladder c-Fos, a well-known activator protein-1 transcription factor, binds to specific enzymes involved in the synthesis of phospholipids at the endoplasmic reticulum and has an activating function alongside genomic regulation of growth (24) . Deregulation of c-FOS has been found to be associated with human malignances. For instance, Yao et al (25) reported that the expression of c-Fos in BTTC tissues was significantly higher than that in normal and adjacent non-carcinoma tissues, and its expression was significantly correlated with the tumor grade. Furthermore, the expression of c-Fos in tumor blood vessels was significantly higher than that in normal vessels (25) . In addition to miR-101, miR-490-5p was also found to inhibit bladder cancer cell proliferation by targeting c-Fos (26) .
In conclusion, the present study demonstrated that miR-101 is downregulated in bladder cancer cells and has an inhibitory role in the regulation of bladder cancer cell proliferation and invasion via directly targeting c-FOS. It is therefore suggested that miR-101 and c-FOS represent potential therapeutic targets for bladder cancer.
